The structure of thin terminated Bi(1 1 1) films of approximately 1 nm thickness is investigated from first principles. Our density functional theory calculations show that covalent bonds to the surface can change the orientation of the films completely. For thicker films, the effect is limited to the surface only. Based on these observations, we further present a simple model structure for the native oxide and chemically similar oxides which form a protective capping layer, leaving the orientation of the films unchanged. The advantages of this energetically favorable layered termination are discussed in the context of the films' technological exploitation in nanoelectronic devices. arXiv:1903.12654v1 [cond-mat.mtrl-sci] 
INTRODUCTION
The semimetal bismuth is a material with many unusual electronic properties and as such has been studied intensively for many years. A small overlap of the valence band with the conduction band by only a few meV leads to a very low density of states and charge carrier density at the Fermi level [1] . Furthermore, the effective mass of electrons moving along the C 3 symmetry axis in the bulk material can be exceptionally small and leads to a large de Broglie wavelength for the free carriers of several tens of nanometer [1] . Therefore bismuth is an ideal prototype material for studies on quantum confinement in thin films or nanowires. Confinement effects are expected to enable a new generation of nanoscale electronic devices [2, 3] by opening a bandgap in the electronic structure and thus making the material effectively semiconducting. Semiconductor-like behavior was confirmed by measurements of the temperature dependent conductivity, e.g. in Refs. [4] [5] [6] [7] [8] [9] . The expected quantum confinement relies on the assumption that the crystal structure in the nanoscale system does not change considerably compared to the bulk and that there are no conducting surface states. These effects could both prevent the transition into the semiconducting phase.
The rhombohedral crystal structure of bulk bismuth consists of stacked bilayers parallel to the (1 1 1) plane. Within a bilayer, each bismuth atom has a strong bond to three surrounding atoms. The bonds between adjacent bilayers are comparatively weak and thus the bilayers also define the natural cleavage plane of the crystal. The result is a threefold rotationally symmetric hexagonal surface. A detailed discussion of the crystal structure and the Bi(1 1 1) surface is given in Refs. [1, 10, 11] . In this work, we focus on the structural properties of thin bismuth films, grown on a Si(1 1 1)-7 × 7 substrate. It is well known that the preferred growth direction of these films is (1 1 1) as observed in, e.g., Refs. [2, 12] .
During the deposition of the first few layers of material, various peculiar phenomena can be observed. A wetting layer can be found between the Si(1 1 1)-7 × 7 substrate and the bismuth film. The interaction between wetting layer and film is found to be weak and the wetting layer is considered to be chemically inactive; for details we refer to Refs. [12] [13] [14] [15] . Moreover, very thin films of the order of less than 10 bilayers of material show either a different orientation or an allotropic phase [5, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . In summary, the (1 1 0) orientation or related structures can be found for many different substrates. Specifically on Si(1 1 1)-7 × 7, a very similar allotropic phase which resembles the structure of black phosphorus is observed. Alternative paired layer structures for films on highly oriented pyrolytic graphite are discussed in the literature as well [28] . The allotropic films have a thickness of around 1 nm which is in the technologically relevant regime [2] . The deposition of more material leads to a reorientation towards the hexagonal Bi(1 1 1) surface.
In the following we specifically discuss the effect of passivation and oxidation on the structure of the films. From a device perspective, the formation of a native oxide could ideally be exploited as a passivation layer as it is common practice in silicon technology. We show that for thin bismuth films this issue is closely related to a change in the crystal structure. Note that although the properties of thin bismuth films and the corresponding surfaces are studied intensively in the literature, often these considerations are restricted to vacuum conditions and do not take into account any interaction with the environment. Likewise, the formation of the native oxide is not very well studied and different stoichiometries are reported in the literature [31] [32] [33] . So far, the atomistic structure is unclear and the oxide might also be amorphous. However, recent measurements for a thin Bi(1 1 1) film suggest that the native oxide is Bi 2 O 3 [3] . As the structure of thin films depends on the substrate, it is an intriguing question if or how the structure of the film changes at the interface to the oxide and what the oxide itself could look like. In this paper we will concentrate on the structure of the films and postpone an investigation of the consequences for the passivation of surface states to future work. Note that in the context of applications, e.g. in nanoelectronic devices, the surface is inevitably exposed to atmosphere or layers of dielectric material.
COMPUTATIONAL DETAILS
We use density functional theory (DFT) to determine the properties of thin bismuth films within the framework of the generalized gradient approximation (GGA) and a Perdew-Burke-Ernzerhof (PBE) functional as implemented in the QuantumATK software package [34] [35] [36] . The electron density is represented by a localized basis set [37] . To include the effect of spin-orbit coupling, fully-relativistic pseudopotentials [38, 39] are employed. These treat the outer 15 electrons of each Bi atom explicitly as valence electrons. The thin Bi(1 1 1) films have a hexagonal surface symmetry and thus are represented as slabs in a hexagonal cell for which a Γ-centered 6 × 6 × 1 k-point grid was employed. The density mesh cutoff for all films containing oxygen was set to 350 Ry while for all other systems 150 Ry was found to be sufficient to converge the total electronic energy and interatomic forces. The atomic positions were optimized with an accuracy of ±0.05 eVÅ −1 in the remaining forces. To avoid any interaction between the periodic images of the film, the height c of the simulation cell was adjusted so that the vacuum perpendicular to the surface was approximately 20Å for all calculations. A similar cell without vacuum was used to obtain the bulk lattice parameters. The bilayered bulk crystal structure is well reproduced by DFT (6×6×2 k-points in the hexagonal cell) although the weak interaction between the bilayers allows for some variation of the interlayer distance [40] . We obtain an equilibrium lattice parameter a Bi = 4.532Å which is in very good agreement with the literature [1, 10, 11] . We note however that differences in the energy eigenvalues corresponding to the single particle electronic states are less accurate and that predictions made by DFT for the electronic bandstructure -especially regarding the metallic, semimetallic or semiconducting character -are in general not reliable. Nevertheless, the direct and indirect band gap obtained by our GGA calculations is in agreement with previous studies [41] which show an improvement compared to the local density approximation. We investigate the properties of thin films with a thickness of three or more bismuth bilayers, i.e. with a minimum thickness of approximately 1 nm. In this regime, a large enough band gap for the technological exploitation in nanoelectronic devices can be hoped for [2, 3] . Furthermore, for the thickness under consideration, experimental data [17] [18] [19] 22] suggests that the lattice mismatch between silicon and bismuth leads to a compressive strain of 1.3% with respect to bulk Bi in the plane of the film. We therefore set the lattice parameter to a = 4.473Å. Note that even then the Bi and Si surfaces do not match perfectly and periodicity with respect to the substrate is achieved only for a 6 × 6 supercell. Therefore, instead of modeling the substrate on which the film grows explicitly, we only constrain the lattice parameter and terminate both sides of the free-standing bismuth slabs in order to passivate dangling bonds. Thus we also avoid the formation of a wetting layer. We note that the unterminated thin Bi(1 1 1) films with the given lattice parameter do not transform into an allotropic phase automatically by relaxation. Furthermore, experimental results [2] indicate that the films may be polycrystalline. Fig. 1 (a) and (b) show the hexagonal bulk cell of bismuth. Assuming the equilibrium lattice parameter, the intralayer bonds l are (3.10 ± 0.01)Å long and thus can be clearly distinguished from the interlayer bonds which have a length of l = (3.58 ± 0.01)Å and are not drawn in the image. These latter weak bonds are broken at the surface of the Bi(1 1 1) film. We investigate the use of hydrogen to terminate the surface as it is common practice for, e.g., semiconductor surfaces. In general, this reduces the computational cost considerably compared to modeling a complicated oxide layer. H also is the chemically least complex monovalent termination possible which makes it suitable to study its chemical interaction with the surface of the thin films.
HYDROGEN PASSIVATION
In Fig. 1 (c) we show how we terminate the three bilayer thick film with hydrogen atoms. To start with, the surface atoms are terminated with one single hydrogen atom each on both sides of the film. Therefore, the area density of H on the surface is similar to the spacing of the surface atoms on the silicon substrate. The bond direction approximately coincides with one of the interlayer bonds. We find after relaxation at the constrained lattice parameter a = 4.473Å in Fig. 1 (d) that the interaction of the Bi(1 1 1) surface with hydrogen is significant as it changes the structure of the thin film considerably. In contrast to the unterminated case, the angle between the bilayers and the film's surface is increased from 0 •the in-plane position -to approximately 70 • , i.e. almost perpendicular to the plane. This corresponds to a reorientation of the bilayers from Bi(1 1 1) to Bi(1 0 0). Note that the hydrogen atoms terminate the edges of each bilayer and form intra-instead of interlayer bonds, i.e. they substitute for the next bismuth atoms within the new bilayers. The intralayer bonds drawn in Fig. 1 (d) are in the range between 3.12Å and 3.15Å. The interlayer bonds l vary slightly more with one bond of approximately 3.37Å and two bonds of approximately 3.56Å. Nevertheless, it can be clearly distinguished between the bilayers which proves a reorientation throughout the thin film which is induced by the interaction with hydrogen at the surface.
After the reorientation the interlayer bonds are shorter, suggesting that the bilayers are closer to each other than in the bulk material. The observation of two different bond lengths also implies that the slab is sheared: if the bilayer in Fig. 1 (a) is moved in-plane with respect to the other bilayers (unbonded atoms in the picture), then the distance to the three nearest neighbors in the adjacent bilayer are no longer equal. It is reasonable to assume that this shear in the film is due to the constraints of the crystal cell geometry. Note that, as the interlayer bonds are weak, it is not surprising that they are more likely to deform than the intralayer bonds. Depending on the initial position of the H atoms on the surface, i.e. their position before relaxation, local minima in the total free energy can be found which are energetically separated from the global minimum by about 450 meV per cell (containing six Bi and two H atoms). Fig. 1 (d) shows that the bonds on the top and bottom surface of the optimized structure are antiparallel with respect to each other. However, if the initial geometry is far from this ideal position, the system relaxes into a frustrated state. This is plausible as the structural change is driven by the H bonds and the reorganization therefore starts from both surfaces and propagates through the film. If the orientation of the newly formed bilayers do not match, they form a disordered structure where they meet in the middle. It is already apparent from Fig. 1 (d) that the rota-
Orthorhombic supercell (black) on the hexagonal surface lattice of a Bi(1 1 1) film (drawn in gray). By reference to Fig. 1 (d) , we have seen that the orthorhombic cell is more appropriate regarding the relaxed structure of the film and imposes less constraints on the positions of the atoms. Note that this cell is still consistent with the 1.3% compressive strain due to the Si(1 1 1) substrate.
tional C 3 symmetry of the surface is lost. Instead, the edges of the bilayers are visible as stripes on the surface and an orthorhombic (super-) cell similar to Fig. 2 seems to be a better choice. Assuming an appropriate starting condition, i.e. orientation of the H-bonds, the bilayers can align to the sides of the cell and artificial constraints by the hexagonal geometry of the unterminated surface are removed during the relaxation which allows for a reduced stress and lower energy of the optimized structure. Nevertheless, we find that the total free energy per atom can only be reduced by 2 meV in the orthorhombic cell, see Table I . Note that the effect is more pronounced if the lattice parameter is optimized and that the interlayer bonds in the orthorhombic cell with optimized a are almost equal which corresponds to reduced shear. Given the experimental evidence that thin bismuth films on Si(1 1 1)-7 × 7 eventually grow in the (1 1 1) direction, a transition back to this (1 1 1) orientation can be expected with increasing film thickness -similar to the allotropic phases discussed in the introduction. To address the question when this transition occurs, we relaxed films with a thickness between 3 to 12 bilayers. We use the orthorhombic supercell in Fig. 2 with a 6 × 10 × 1 k-point grid. In an experimental situation, the lattice parameter is not necessarily constant everywhere in the film but asymptotically approaches the bulk value for bilayers far from the substrate. This behavior is not compatible with the periodic boundary conditions of the calculations but it is reasonable to assume a constant a for thin films with a thickness of only a few nanometers (a 6 bilayer film with hydrogen termination is only 2.5 nm thick). Fig. 3 shows the relaxed structures with 3, 4, 5, 6 and 7 bilayers. The cutoff for the maximum bond length to be displayed in the pictures was increased until all atoms had at least three bonds. We find that the 5 bilayer structure is still very similar to the 3 bilayer structure. Only when the thickness is increased to 6 bilayers, two (1 1 1) bilayers are seen to form in the middle of the film. The adjacent bilayers on top and below these middle layers form a transition region while the structure close to each of the surfaces resembles the previous films. If the film thickness is increased further, an equivalent number of (1 1 1) bilayers form in the middle of the film while the structure of the surface layers is preserved. This also holds true for a 12 bilayer thick structure (which is not shown here). In principle both bilayer orientations should be energetically equivalent in the middle of the film (bulk conditions) and the reorientation should therefore be complete. However, the substrate induced strain stabilizes the Bi(1 1 1) orientation. If the lattice parameters are not constrained, a in Fig. 2 increases significantly and the reorientation can be observed throughout each of the films regardless of their thickness.
To obtain a numerical measure of the reorganization of the film's structure, it is worth examining the bond lengths in more detail. We discuss the bonds in the middle of the films first because this is where the structural transition happens before we further investigate the surface layers. Note that due to the finite precision of the method, small deviations in the bond lengths can be expected throughout the film after relaxation. The intralayer bonds in the middle of the three bilayer thick structure (orthorhombic cell) measure (3.14 ± 0.01)Å. Although they are almost equal, two of these three bonds are slightly shorter than the remaining one. Moreover, we find one interlayer bond with l = 3.36Å and two with a length of l = 3.58Å, all measured relative to the position of the same atom. For comparison, in the four bilayer structure the two short intralayer bonds stay the same but the length of the longer one increases to 3.22Å. The interlayer bonds stay approximately the same with l = 3.38Å and two times l = 3.56Å. For the five bilayer thick film we find two intralayer bonds with l = 3.11Å and one with l = 3.27Å which is close to the shortest interlayer bonds with l = 3.36Å. The other two interlayer bonds do not change and remain l = 3.56Å. These observations show that with increasing thickness of the film one intralayer bond l becomes longer while one l becomes shorter until eventually l becomes l and vice versa. This transition happens between 5 and 6 bilayers where for the first time two middle bilayers with (1 1 1) orientation can be observed. The continuous transition of one intra-to an interlayer bond can also be clearly ob- served for the thicker films where the bonds in the middle of the film slowly converge towards a set of three equal intralayer bonds and three equally long interlayer bonds; the relevant values are given in Table II .
Secondly, we want to discuss the outer layers of the films with five or more bilayers thickness which all appear to have a similar structure. The bond lengths for these structures are given in Table III . Apparently, the length of each of these bonds converges quickly to a constant value. Note that bond is considerably shorter than bond (by approximately 5 %), i.e. the respective layer is not equivalent to a bulk bilayer. The bonds equivalent to bond but in the bilayers between the discussed top layers and the middle are shorter. Their length is converging towards the value of with increasing thickness and towards the middle of the film.
It is intriguing to investigate what happens if the surface density of hydrogen on the surface is increased. We find that two hydrogen atoms per surface Bi can lead to the same type of reorganized structure for very thin films as the termination with a single H, see Fig. 4 . Thicker films change their orientation to Bi(1 1 1) in the interior of the film, just like in the single H case. As there are two strong bonds to hydrogen, only one covalent bond connects the surface bismuth atoms with the film and the transition region is only three layers thick. A totally different behavior is observed for the three hydrogen case where the orientation is always Bi (1 1 1) . The terminated atom is removed from its bilayer to form a BiH 3 molecule which sits on the surface. The remaining bismuth atoms in the film regroup -two half bilayers from the top and bottom surface result in one additional bilayer -and the bilayers in the interior of the film indeed have the same Bi(1 1 1) orientation as the unterminated film. Hydroxyl termination can be employed alternatively to hydrogen and has the advantage that it is chemically similar in kind to the native oxide. Interestingly, for a single -OH per surface atom, the same general trend towards a reorientation in the film as for a single hydrogen can be observed due to the termination, see also Fig. 4 . The bilayers in a three bilayer thick film change their orientation completely. For six bilayers, only the top and bottom two bilayers feature the same surface layer structure which was already observed in the H case. The single bond to the monovalent hydroxyl molecule breaks the intralayer bonds in the top bilayers. We note that molecular terminations like OH-groups introduce more degrees of freedom regarding how they can arrange on the surface compared to single atoms, especially when their density on the surface is high. Thus the situation can become more complicated, for example if they bond to neighboring passivants or lie flat on the surface, thus also interacting with nearby bilayers. However, the tendency to change the bilayer orientation is the same.
It remains the question if this reorganization of the film can be observed in a real system. The DFT calculations show that bonding of single H atoms or OH groups are per se stable but do not take into account the formation of H 2 or H 2 O. Following the line of thought in Refs. [42, 43] we show in the supplemental material that the H-and OH-terminated surfaces are likely not stable under typical experimental conditions. Film growth on the other hand inherently is a nonequilibrium process. From a general point of view we have shown that different terminations -H and OH as well as others which are not shown here -induce the same general behavior with regards to the structure as a function of the number of surface bonds. Therefore, if such covalent bonds to the film's surface can be realized, e.g. at the interface between the film and a Si(1 1 1) substrate, the structure close to this surface changes which implies altered electronic properties. We furthermore point out that the stability calculations for the OH-termination suggest that the oxide does not covalently bond to the film. This observation is equally important because the passivation is often applied in order to remove conducting surface states by the formation of covalent bonds. In that regard the efficacy of any form of stable and realistic passivation is questionable and contradictory results can be found in the literature, see also Ref. [8] . Thus, a simple termination with H as it is employed in the case of silicon or other semiconductors appears not to be appropriate and has to be used with care in DFT calculations due to its effect on the structure.
SURFACE OXIDATION
A clean surface can only be maintained under experimental conditions in vacuum and not under ambient conditions where the sample is inevitably exposed to oxygen and water in the surrounding air. Therefore, in order to avoid undesirable chemical reactions which can change the properties of a nanoelectronic device, the surface always has to be protected by a capping layer or a native oxide. To the best of our knowledge there is no existing model structure for the native oxide on a Bi(1 1 1) surface. We will base our considerations in this paper on a recent experimental report Ref. [3] where the overall composition of the oxide was found to be Bi 2 O 3 and assume that the same stoichiometry is present at the interface. In fact, the known bulk polymorphs can exist with different stoichiometries and have complicated structures. A common oxide is α-Bi 2 O 3 which is stable at room temperature but has a monoclinic crystal structure with a basis consisting of 20 atoms [44] . All the oxides do not allow easily for the construction of a suitable interface to the bismuth film. More importantly, when making contact with the film, strong covalent bonds may destroy the bismuth surface bilayer as described previously for hydrogen. As the crystal orientation is crucial regarding the film's electronic properties -the bulk properties of bismuth are highly anisotropic -we want to preserve the orientation of the unterminated sample. Therefore, presumably, the bonding between the Bi(1 1 1) surface and the oxide may be similar to that between the bilayers of bulk bismuth.
Based on the preceding qualitative discussion, we investigated a model structure for the native oxide derived from the crystal structure of bulk bismuth. Note that a hexagonal crystal cell is employed again. Only the sur- The hexagonal cell is drawn in black. One O atom lies above its corresponding bismuth atom, another one almost vanishes below the next Bi while a third O atom can be found in between the bismuth atoms. The side view in (c) reveals that the oxide also has a layered structure and does not change the orientation of the underlying bismuth bilayers.
face bilayers are modified with additional oxygen atoms and the equilibrium structure is obtained by minimizing the total free energy. Fig. 5 shows the structure in detail. The bismuth atoms in the bilayer do not bond directly any more but the connection is made by an intermediate oxygen atom instead. This effectively makes the bonds longer and allows for a considerable rearrangement of the atoms in the oxide layer. Nevertheless, each bismuth atom has three bonds to neighboring atoms just as in the bulk. The stoichiometry of our structure is Bi 2 O 3 . From Fig. 5 it can be seen clearly that the bilayered character of the bulk structure remains also in the oxide. The absence of strong bonds implies a weak interaction between the film and the oxide. We calculate the interfacial energy as a sum of two contributions
Adhesion E adh leads to an attractive force between the three bismuth bilayers and the oxide layers. The relaxation of the two material subsystems is taken into account by E rel . This separation allows us to determine each contribution based on a set of calculations with the same number of localized basis functions in order to account for basis set superposition errors. For E adh the total free energies E bl and E ox of the subsystems were calculated by removing the atoms of the oxide layers (or bismuth bilayers, respectively) while keeping their basis functions in order to represent the wavefunctions (ghost atoms).
The energies E pre before and E post after the relaxation were determined without ghost atoms. Note that we kept the lattice parameter fixed for all the calculations. The final result for the interfacial energy is given by
The interaction of the bilayers in a pure bismuth film with an equivalent thickness can be used as a reference point E ref . Therefore we also calculate the energies in Eq. (2) for a film with two additional bismuth bilayers instead of the oxide layers, i.e. five bilayers in total. Normalized to the surface area we find accordingly
The oxide layers interact much less with the underlying bismuth bilayer for this lattice constant than the weakly bonding bilayers do with each other. Note that, taking the five bilayer film and an oxygen molecule in the triplet ground state as reference, we find that the oxide is stable with a formation energy of −29.0 eV/nm 2 . Furthermore, this oxide model caps the film's bilayers and reduces the chemical interaction with the environment. In order to generalize the oxide structure, we replaced the bismuth atoms in the oxide which are closest to the surface by other group V elements and obtained capping layers with similar structures. The Bi atoms at the interface to the pure bismuth bilayers were not replaced to facilitate the bonding. Alternative oxides can be particularly interesting to engineer nanoelectronic devices for example with improved electrostatic control of the gate over the channel region. The corresponding structures for N, P, As, Sb and Bi are shown in Fig. 6 . We find that the nitrogen structure is obviously very different to the other structures because each N bonds to three O atoms, thereby forming a flat nitrate-like molecule with a charge of −1/2 and separates from the surface. The bond length between N and O is 1.26Å and the distance between O and Bi becomes larger than 2.5Å which is an increase by more than 10 % compared to the other structures. The remaining bismuth atoms are integrated into the underlying film and a fourth bilayer appears due to the introduction of two half bilayers at the top and bottom surfaces and a reorganization of the Bi bilayers during the relaxation of the structure. We can conclude from the small bond length between nitrogen and oxygen that the formation of an oxide layer is not possible in this case. In contrast to that, all other structures are very similar to the Bi 2 O 3 -terminated film discussed before. Table IV gives a summary of some key properties of the oxide layers. We find that the interfacial energy for
BiNO3
BiPO3 BiAsO3 BiSbO3 Bi2O3 Figure 6 . Relaxed films with oxide termination including different group V elements. All oxide layers except for BiNO3 have a very similar structure compared to Bi2O3. The bond lengths within the oxide layer increase the heavier the group V element is. The light nitrogen atoms detach with the bonded oxygen atoms so that the Bi-O distance becomes larger than 2.5Å which is an increase by more than 10 % compared to the other structures. Presumably, the N-O bonds are too short to allow for the formation of a comparable oxide. Table IV . Properties of the oxide termination. The interfacial energies of the oxide terminated structures are determined as discussed in the text. Note that, as a reference, the interaction between pure bismuth bilayers is −1.90 eV/nm 2 . By minimizing the total free energy we also find the strain in the oxide layers and their equilibrium lattice constants a ox eq which are considerably larger than 4.473Å.
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BiSbO3 Bi2O3 all oxides is smaller by at least a factor of three compared to the reference energy of the unterminated five bilayer film. Interestingly however, |E interf | has a maximum for BiPO 3 and decreases for the other oxides which coincides with an increase in strain within the oxide layer. For comparison, Table V summarizes the same properties for structures with the lattice dimensions of bulk bismuth which is applicable, e.g., at the surfaces of thick bismuth films where the influence of the substrate is negligible.
Here the stress is reduced but the interaction between the oxides and the film is still smaller than for the reference bismuth system which can be due to the persisting lattice mismatch with the bismuth film. The bismuth atoms within the oxides close to the interface can be expected to facilitate the bonding to the bilayers because they remain approximately in their bulk position. The corresponding bond lengths are summarized in Table VI . In agreement with the small interfacial energy, the distance between the remaining bismuth atoms in the oxide and the Bi bilayers is increased compared to the equivalent bonds in a five bilayer thick bismuth film without termination which only have a length of 3.67Å. Nevertheless, these changes are small enough to not significantly change the equilibrium distance between the bismuth bilayers and the oxide layers compared to that between two equivalent bismuth bilayers.
Finally , Table VII shows all the bond lengths within the oxide. The bonds to the oxygen atoms are shorter for lighter group V atoms like phosphorus -denoted by X in the table -and increase in length for the heavier elements. Because of the fixed lattice constant, the bond angles change accordingly. In contrast to that, the Bi-O bonds and angles at the interface to the bilayers do not change considerably throughout the structures.
DISCUSSION
In the first half of this paper, we showed how the structure of thin Bi (1 1 1) films changes if they are terminated with hydrogen or hydroxyl. This type of termination is not thermally stable under the assumptions made for equilibrium conditions. However, hydrogen was considered as a simple model system to investigate the chemical interaction with reactive gases and can also provide insight into the interaction with the dangling bonds of the silicon substrate and the formation of the wetting layer.
We discussed different hydrogen concentrations starting with one single hydrogen per surface atom. The DFT calculations show that hydrogen reacts with the surface and has a profound effect on the structure close to the surface which is especially important for thin films where the surface bonding induces a reorientation throughout the film from Bi(1 1 1) to Bi(1 0 0). A continuous transition of the bond lengths with increasing thickness can be observed in the middle of the film which ultimately reverses the reorientation again. Specifically, in films with a thickness of more than five bilayers, the first two bilayers from the surface are clearly affected by the hydrogen termination while the middle layers remain in the Bi(1 1 1) orientation. Notably, the structure of the surface layers is preserved even in thick films which have a Bi(1 1 1) orientation in the majority of the film. The same type of reorganization is also observed for other monovalent passivants like hydroxyl. This implies that the effect is not unique to hydrogen but is a more general feature. Increasing the hydrogen surface density to two hydrogen atoms per surface atom has basically the same effect on the structure.
We emphasize, that in contrast to the thin film allotropes discussed in the introduction, we observe a reorientation which is driven by the chemical interaction at the surface and not motivated by a tradeoff of bulk and surface energy due to unsaturated dangling bonds.
Furthermore, we showed that the orientation of the bilayers in thin Bi(1 1 1) films can be preserved for an arbitrary film thickness if the bismuth atoms form three bonds to the passivating species, e.g. in the case of an even higher hydrogen surface density. We found that in this case charge-neutral bismuthine molecules (BiH 3 ) form on the surface of the film. With the exception of Refs. [15, 17] , we are not aware that such a passivation scheme was taken into account previously. The authors of [17] find no major influence of their Bi 2 H 2 and BiH 3 wetting layer on the relaxation of their structures which is in agreement with our observation that BiH 3 does not form a bond to the surface. We want to stress however, that bismuthine is not stable [45] but highly reactive and thus can not be considered to be a realistic surface termination.
In the second part of this paper we presented a simplified model for the native oxide on the Bi (1 1 1) surface. This model offers several advantages over the rather artificial surface passivation which was discussed before. First of all, it is a better approximation to the chemistry of the native oxide as each Bi atom forms three bonds to the surrounding O atoms and thus the stoichiometry is the same as in bulk Bi 2 O 3 . Furthermore, the bilayer orientation in the film is not perturbed by the passivation which is achieved by a weak interaction between the film and the oxide. Within the scope of our model the oxide forms a layer similar to the bilayers of the bulk system and helps to protect the surface from further chemical interaction. We emphasize that the oxide layers are stable. Thus, by direct comparison, the metastability of the covalently bonded terminations further supports the plausibility of our oxide model and the weak bonding to the surface. To the best of our knowledge no comparable model exists in the literature although the surface plays a considerable role in the properties of thin films or nanowires.
Finally, more complex models for oxide layers including other group V elements were introduced. We found the same layered structure which preserves the orientation of the underlying bilayers. The compressive stress in the oxide layer is reduced once the films are thick enough to re-establish the bulk lattice constant. Note that the chemical modification with phosphorus can apparently increase the interaction with the bismuth bilayers and lead to stronger adhesion. Future work will investigate the consequences for the electronic properties of the system with more predictive methods for the electronic structure than the GGA. A key topic for investigation is the interaction of the oxide layers with the metallic surface states known to exist on the Bi(1 1 1) surface.
We highlight that the alterations to the structure have a direct impact on the electronic properties of the system as these depend strongly on the crystal orientation. Thus the surface will have a crucial influence on device operation. This is especially true regarding the long-standing discussion about the existence of the quantum confine-ment effect in bismuth. A good introduction to the controversies regarding the semiconducting or metallic character of very thin films is given in [8] . Recent investigations suggest that the surface states could effectively prevent the nanosystems from becoming semiconducting and that a distinction between them and the bulk states becomes difficult for very thin films [5, [7] [8] [9] [46] [47] [48] [49] . A better understanding of the surface structure and its impact on the electronic structure will therefore be crucial in order to enable bismuth nanoelectronic or spintronic devices.
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STABILITY OF THE HYDROGEN AND HYDROXYL TERMINATED SURFACES
The stability of the terminated surfaces depends on the chemical potentials µ i of the involved reactants i which can be controlled in the experiment by adjusting the temperature and the gas pressure (e.g. of H 2 ). We employ a formalism similar to Refs. [1, 2] where the Gibbs free energy G is approximated by the DFT total energy and vibrational contributions are neglected for the terminated slab. The formation energy is then given by
with the particle numbers N i . The surface free energy γ is then the difference between the formation energies of the terminated system and the unterminated slab divided by the surface area A. Both systems need to have the same number of particles which can be achieved by additional gas molecules in the vacuum. Let γ x be the surface free energy of a system terminated with x hydrogen atoms per surface atom. The orthorhombic slab has two surface atoms on each side, therefore
By assuming that the chemical potential of a single H atom at 0 K is half of the DFT energy of a H 2 molecule, we can make the ansatz
where ∆µ H2 (0 K, p H2 ) = 0 .
The chemical potential can be interpreted as a parameter in the theoretical considerations and the results are shown in Fig. 1(a) . Apparently, the terminations are not stable at 0 K corresponding to ∆µ H2 = 0 and the chemical potential has to increase by more than 1 eV to obtain a stable structure. However, in the DFT calculation the hydrogen atoms on the surface are too far apart to react with each other during the atomic relaxation. The bonds to the film show that the termination is stable with respect to single hydrogen atoms.
Following the reasoning in Refs. [1, 2] , assuming an ideal gas it can be shown by calculating the total derivative of µ that with respect to 0 K and an arbitrary pressure p 0
Note that ∆µ = 0 for 0 K independent of the pressure which is why p 0 is arbitrary. Experimental values for the enthalpy H and entropy S can be found in the literature [3] for atmospheric pressure (1 atm or 1013.25 hPa). Fig. 1(b) shows how the chemical potential of H 2 changes with temperature and gas pressure. We find that the changes of µ H2 which would be necessary to stabilize the surface are only accessible with very high pressure.
The same considerations can be applied to the hydroxyl termination. We assume that water reacts with the surface of the bismuth films which leads to the formation of H 2 . Thus, there are two chemical potentials µ H2 and µ H2O which have to be taken into account. In line with the paper we restrict our discussion here to a single OH per surface atom. Fig. 2(a) shows the surface free energy as a function of the chemical potentials. The influence of the experimental control parameters on µ H2O are displayed in Fig. 2(b) . Again, under the assumptions made, we find that the structure is not stable under typical experimental conditions. We stress however that the terminations above should rather be considered as model systems with a specified amount of covalent bonds to the surface. 
